Abstract Whether radar meteor echoes occur at high altitudes (above~130 km) in the Earth's atmosphere is a long-standing question within the meteor radar community. Using observations from the Sanya VHF coherent radar interferometer during 11 July to 10 August 2013, we have found a new class of range-spread high-altitude meteor trail echoes (HAMEs), some of which appeared at~170 km altitude lasting more than 10 s. A statistical analysis on the local time dependence of the identified HAME events shows a maximum around 00-04 LT. The results imply that there could be much more meteor mass input due to meteoroid sputtering at high altitudes in the Earth's atmosphere than previously thought.
Introduction
Every day, innumerable meteoroids enter the Earth's atmosphere, colliding with surrounding air molecules to create columns of ionization, which constitute meteor trails. Observations from multiple instruments have shown that meteor trails generally occur below 130 km [Ceplecha et al., 1998] , with the exception of a few high-altitude optical meteors observed during the Leonid meteor shower [e.g., Fujiwara et al., 1998; Spurny et al., 2000] .
More recently, observations from the European Incoherent Scatter (EISCAT) VHF radar reveal an unusual altitude distribution of meteor head echoes. A large number of head echoes were found to occur at high altitudes with a peak centered~250 km [e.g., Brosch et al., 2001 Brosch et al., , 2013 , and the references therein]. This finding was investigated through a low-elevation north pointing experiment designed to investigate the effects of sidelobes on EISCAT meteor detection. Vierinen et al. [2014] argued that the high-altitude meteor echoes reported with the EISCAT radar are long range but normal-altitude (~80-130 km) meteor head echoes originating from the strong radar sidelobes and pointed out that "the mapping from radar range to actual target location can be made using interferometric receiver configuration through measuring the phase difference of the received echo by several nearby antennas." Since the reported high-altitude meteor echoes mostly come from EISCAT, which has failed to eliminate the range ambiguity of sidelobes [Vierinen et al., 2014] , more evidences from other radars, especially those with an interferometry capability, are urgently needed to unambiguously clarify whether and how often radar meteor echoes occur at high altitudes in the Earth's atmosphere. If the existence of high-altitude meteor trail echoes (HAMEs) is established, theoretical efforts can begin to explore the mechanisms responsible for high-altitude meteor ionization phenomena.
Unlike high-power, large-aperture (HPLA) radars, which are very sensitive to faint meteors within a very small beam width, lower power coherent radars usually have a significantly wider half-power (3 dB down) beam width but with less sensitivity and lower pulse repetition frequency (PRF). Meteor head echoes, which are frequently observed by HPLA radars [e.g., Pellinen-Wannberg and Wannberg, 1994] , are difficult to be identified using wide-beam low-power radars. However, measurements from the Chung-Li and Sanya VHF coherent radars have proven that range-spread meteor trail echoes (RSTEs, also known as nonspecular echoes) produced by coherent scatterers from irregularities within meteor trails [Chapin and Kudeki, 1994; Zhou et al., 2001; Malhotra et al., 2007; Oppenheim et al., 2008] can be observed by low-power coherent radars [e.g., Chu and Wang, 2003; Li et al., 2012] . Specifically, an additional antenna array recently installed to the north of the main east-west array of the Sanya radar provides an interferometric capability to unambiguously determine the positions of irregularity echoes inside the 3 dB beam.
LI ET AL. In this study, we present a class of range-spread high-altitude meteor trail echoes (HAMEs) detected with the Sanya VHF coherent radar interferometer during 11 July to 10 August 2013. These detections provide concrete evidence for the occurrence of radar meteor echoes at altitudes above 130 km. The HAME phenomenon raises questions about the formation and evolution of high-altitude meteor trail irregularities, as well as demonstrating the potential for studying high-altitude meteor trails with low-power interferometer equipped coherent radars.
Experiments
The 47.5 MHz Sanya VHF coherent radar (18.4°N, 109.6°E; dip angle 24.9°at 100 km altitude) has a phased antenna array comprised of six transmission/reception modules (each comprised of 2 × 2 Yagi antennas) spaced 8.93 m apart, aligned east-west. The radar transmits a peak power of 24 kW and is capable of detecting irregularities in the ionospheric E, valley and F regions, and meteor trails [e.g., Li et al., 2012 Li et al., , 2013 . The most recent version of the Sanya radar produces a roughly elliptical 3 dB beam 16°× 36°, corresponding to a 42 km by 93 km half-power (3 dB) beam width at 150 km range.
Using the radar as part of an interferometer to determine the position of scatterers requires an additional receiving array that is spatially separated from the east-west array. For this purpose, one interferometric receive module was recently installed 17.86 m north of the east-west aligned main array to form a triangle with any two modules of the zonal baseline and hence provide the three-dimensional spatial interferometry capability.
In the experiment performed on 11 July to 10 August 2013, the main antenna beam of the Sanya radar was pointed north at a zenith angle of 24°. Observations were made at 2 min intervals, similar to that of Li et al. [2012] . As a result, a total of 30 data sets were recorded each hour. The radar PRF was 650 Hz, and the pulse length was 6 μs with a 4 bit complementary code. This corresponds to a range resolution of 0.9 km within the sampled range interval of 80-200.6 km. The received complex signals at every range gate were 
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coherently integrated 4 times and used for offline interferometry analysis. All of the data, including the raw I/Q components used in this study, can be obtained from ftp://space.iggcas.ac.cn. Figure 1 shows the range-time intensity maps depicting the signal-to-noise ratio of backscattered echoes recorded by the Sanya radar. Six meteor trail echo events (labeled A-F) above 150 km range are present. A sporadic E (E s ) irregularity layer centered near 110 km range is also clearly visible in the bottom middle panel of Figure 1 , with weaker detections in the top middle and right panels.
Results and Discussion
It is clear from the figure that the meteor trail echoes, covering several range bins in similar manner to conventional RSTEs at lower altitudes, lasted for~5-20 s. Before determining the real altitude that the trail echoes located through interferometry analysis, we classify these events as long-duration RSTE. The echo duration threshold for classifying long versus short trails varies from 5 s to over 1 min [e.g., Malhotra et al., 2007; Sugar et al., 2010; Chau et al., 2014] . Here we choose a minimum duration of 5 s to classify long-duration trails [e.g., Sugar et al., 2010] . Figure 2 shows the range variations of the self-normalized Doppler spectra of the E s irregularity and the longduration RSTE events E and F. Negative Doppler velocity indicates radial motion of the irregularity toward the radar. As can be seen from the figure, the Doppler spectral pattern of the E s irregularity is different from those of the meteor trail events E and F. The meteor trail spectral pattern includes a broad asymmetrical wing to one side representing motions away from or toward the radar. The asymmetric wings of the spectra are very similar to those seen in Jicamarca radar observations [Chapin and Kudeki, 1994] .
To determine the unambiguous position of the long-duration RSTEs shown in Figure 1 , the phase differences of received echoes from all antenna array modules of the Sanya radar were employed in the interferometry analysis [Farley et al., 1981] . The interferometer was comprised of two modules from the main east-west array and the additional module to the north. Different groups of noncollinearly aligned modules were used to improve the accuracy. Figure 3 shows the positions of the RSTE events A-F and the E s irregularity relative to the radar main beam direction at selected time intervals. In each plot the central black dot, the black ellipse, and the dash-dotted line represent the radar main beam pointing, the radar half-power (3 dB down) beam width, and the direction perpendicular to the geomagnetic field B (k-perpendicular-B, k is radar wave number) at a specific altitude, respectively. Two notable features are clearly visible. The first is that the E s echoes (shown in the bottom middle panel) appear along the curve perpendicular to B. This feature confirms the locus of the k-perpendicular-B region of the Sanya radar at~100 km altitude in keeping with earlier results that the aspect sensitivity of E s irregularities lies within 0.3°(off-perpendicular-B) [e.g., Lu et al., 2008] . Second, the long-duration RSTE events C and F occur well away (~4°) from the k-perpendicular-B region of the Sanya radar, as well as being at extremely high altitudes (~160 km and 170 km, respectively). For the trail events A, B, D, and E, which occur below 160 km, the scatterers are located within 2°off-perpendicular-B. It is clear from the interferometric analysis that the long-duration RSTEs shown in Figure 1 are HAME events, which were produced by high-altitude meteor trail irregularities.
As part of the evaluation of RSTE events above 140 km range recorded during 11 July to 10 August 2013 by the Sanya radar, we performed a statistical analysis on the occurrence of HAME events. Figure 4a shows the distribution of HAMEs identified through manual inspection of the interferometry results as shown in Figure 3 , plotted as a function of altitude and local time. The color-coded marks in Figure 4a represent the diurnal occurrence of HAMEs during the observational period (with a total number of 94).
Since the frequent occurrence of strong summer E s layer around 90-110 km altitudes over Sanya could cause an apparent reduction in the detection rate of trail echoes below 130 km altitude, a comparison of occurrence rates of conventional altitude RSTEs and HAMEs will be the subject of future work by using more interferometer observations on non-E s days. Figures 4b and 4c show the local time (1 h interval) and altitude (5 km interval) histograms of the number of HAME events, respectively. It can be clearly seen that the majority of the events were observed below 160 km altitude with a maximum occurrence around 00-04 LT. The local time dependence of HAMEs is consistent with that of conventional altitude RSTEs detected by the Jicamarca radar, which are far more common at night than during the day . From Figure 4c we note that there are 18 HAME events above 160 km. Since the upper range gate limit in the present experiment is 200.6 km (slant range), we cannot confirm whether the HAMEs can occur at altitudes higher than~180 km or not. Additionally, it 
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can be noted from the listed numbers of HAME events on given days that HAMEs were present on most days. This result implies a possibility that there is a population of meteor trails at higher altitudes in the Earth's atmosphere than previously thought possible according with the optical observations of meteor showers [e.g., Spurny et al., 2000] .
Comparing the centroid positions of HAME events that occur below 160 km altitude to that of HAME events above 160 km, a distinct pattern is apparent as shown in Figure 4d . In the plot, the size of the circles indicate the duration of the HAMEs, with small, medium, and large circles representing < 5 s (68 events), 5-10 s (16 events), and > 10 s (10 events), respectively. The finding of Malhotra et al. [2007] that long-duration RSTEs (for those appearing at 90-110 km altitudes) tend to occur near the kperpendicular-B region is not seen. Note that Malhotra et al. used the duration threshold 15 s to classify long trails and found some of the RSTEs less than 10 s are located far from the k-perpendicular-B region. By steering the ALTAIR beam away from the k-perpendicular-B, Close et al. [2008] examined the cutoff angle beyond which RSTEs are not detected. The authors found that the cutoff angle lies around 12°off-perpendicular-B, and the radar sensitivity to range-spread trails falls off 3 ± 2 dB per degree. From Figure 4d we note that there is a statistically significant preference for lower altitude HAME events (below 160 km) occurring near the k-perpendicular-B region of the radar.
Upon detection and confirmation of HAME events, the immediate questions are how meteor trails form at such high altitudes and how are the subsequent 3 m scale irregularities (plasma waves) responsible for the HAME generated within high-altitude meteor trails. Most meteoroid ablation is a thermal process whereby meteoroid kinetic energy is converted to heat via collisions with atmospheric molecules. At high enough temperatures, meteoroids evaporate, with some of the vaporized material being ionized by subsequent collisions [e.g., Herlofson, 1947] . This produces a column of plasma behind the meteoroid that constitutes the meteor trail. 
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However, at altitudes above~130 km, the atmospheric density is too low for collisions to raise the temperature of the meteoroid enough for evaporation to occur. As a result, the classical ablationionization process responsible for the formation of normal meteor trails in the 70-110 km region cannot be responsible for the formation of meteor trails at the altitudes where HAMEs are detected. An alternative mechanism for the liberation of meteoric material is sputtering, which occurs when the relative kinetic energy of impacting atmospheric molecules exceeds the lattice energy of the meteoric material [Brosch et al., 2001] . Under this condition, meteoric atoms may be ejected from the material lattice without evaporation. The sputtering process can result in nonnegligible meteoroid mass loss and the production of ionization at much higher altitudes than those associated with thermal ablation only [Rogers et al., 2005] . Furthermore, a recent numerical simulation study on the electron production by Mendis and Maravilla [2009] highlighted the importance of physical sputtering as a dominant process for large and fast meteoroid at high altitudes. Our own numerical simulations of meteoroid ablation for a speed of 60 km s À1 with diameters of 1 mm and 1 cm indicate that sputtering can produce significant amounts of plasma up to 10 12 electrons m À1 and 10 14 electrons m À1 , respectively (J. Younger, private communication, 2014) . Due to the low PRF of the Sanya VHF radar, no head echoes suitable for calculating the meteoroid velocity were identified in the data set. An analysis on the velocity of meteoroids responsible for HAME events will be addressed in the future.
For sufficiently dense meteor trails, the steep pressure gradients on the edges of a trail can supply energy to produce plasma waves and turbulence through Farley Buneman/gradient drift (FBGD) instability mechanism [e.g., Dyrud et al., 2002; Oppenheim et al., 2008, and references therein] . Turbulence drives the trail to form magnetic field-aligned irregularities that will be detected by radars as RSTEs.
The question of how 3 m scale irregularities could be generated within high-altitude meteor trail, producing echo durations in excess of 5 s, is difficult to answer at present. Since the favorable conditions for FBGD in meteor trails is limited to an altitude range of~90-115 km [e.g., Dyrud et al., 2002] , FBGD instability is not sufficient to explain the occurrence of high-altitude RSTE. As mentioned above, the collisions between sputtered atoms moving at meteoric speeds and background atmospheric molecules have been suggested to lead to the generation of high-altitude meteor trails. By considering a minimum ionization rate of 1% in the sputtered materials from a large and fast meteoroid, Rosenberg [2008] proposed a possibility of lower hybrid (LH) instability driven by fast ions from a meteoroid traveling with a substantial component of velocity across B. They concluded that LH waves, with wavelengths in the order of 10 m, could lead to some transient structures in the ionosphere. Some of the HAMEs detected by the Sanya radar with echo durations of less than 5 s might be the result of LH instabilities producing 3 m scale irregularities. However, for the HAMEs with longer durations of up to 10 s or more, the mechanism for producing the trails remains unclear. Numerical simulations of the formation of meteor trails, including mechanisms of high-altitude trail irregularities, are required. This should provide us with valuable insights into the formation and evolution of high-altitude meteor trails, as well as the occurrence of HAMEs.
Conclusions
The study has presented a class of range-spread meteor trail echoes appearing at high altitudes of up tõ 170 km. The unambiguous altitudes of the trail echoes were determined by measuring phase differences of echoes between noncollinearly aligned antenna modules of the Sanya VHF coherent radar. These detections provide the first clear evidence of high-altitude meteor echoes in excess of 130 km. The local time dependence of the identified HAME events shows a similar behavior with that of RSTE detections in the normal meteor detection region. A statistically significant preference was found for HAME events below 160 km to cluster around the region perpendicular to the geomagnetic field, whereas most of the HAME events occurring above 160 km are located far away from the perpendicular-B region of the radar. A possible explanation on the occurrence of HAMEs is that sputtered materials from fast and/or large meteoroids produce high-altitude ionization trails, in which subsequent irregularities are generated through the lower hybrid instability mechanism. Long-duration HAME events lasting more than 5 s, however, need to be investigated further using numerical simulations to reveal potential instability processes.
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